Abstract--The rate of sorption of methanol (MeOH), propan-2-ol (i-PrOH), and 2-methyl-propan-2-ol (t-BuOH) onto a Wyoming montmorillonite saturated with AI 3+-, Cr3+-, or Fe 3+-catiOns has been studied by isothermal gravimetry in the temperature range 18"--105~ using samples of differing weights and grain-size distributions. The rate of sorption for all the alcohols increased with decreasing sample and grain size, demonstrating that inter-, rather than intraparticle mass transfer was the rate-limiting process. Optimization of the sample parameters (2 mg sample of < 45-#m grain size, pretreated at 120~ yielded integral diffusion coetticients at 18~ of 1.1 x 10 ,4 m2/s for t-BuOH for the Cr3+-form and 2.0 x 10 14 mZ/s for MeOH and i-PrOH for the A13+-form. In general, the rate of alcohol sorption decreased as MeOH >-i-PrOH > t-BuOH, but no temperature dependence of the sorption rate was observed. The alcohol sorption rate was dependent on the cation present, with Fe 3+ < Cr 3+ < A13+.
INTRODUCTION
The fact that di-and trivalent cation-exchanged clays can be utilized as catalysts in the production of industrially significant chemicals (Adams et al., 1982; Gregory et al., 1983; Atkins et al., 1983) and in novel onestep syntheses (Adams et al., 1978; Thomas, 1982) has been unequivocally demonstrated in recent years. As discussed by Breen et al. (1985) , however, the dynamic and steady-state factors which affect the position and rate of attainment of equilibrium have received little attention by comparison. The lamellar nature of the sheet silicate structure in which hydrated cations (which constitute the active sites) are dispersed suggests that the diffusion of the requisite organic moeities to and product molecules away from the active center play an important, if not rate-limiting, role (Adams et al., 1981) .
The rate of diffusion of occluded species in a host structure may be measured by means of several techniques. The advent of the pulsed field-gradient technique of nuclear magnetic resonance (NMR) and the wide availability of high-flux neutron reactors, thereby facilitating neutron scattering studies, have inspired the use of these methods to determine the rate of diffusion (both rotational and translational) in zeolites (I~rger et al., 1980) and clays (Ross and Hall, 1980 ; Adams t Current address: Chemistry Department, Sheffield City Polytechnic, Pond Street, Sheffield S 1 1WB, United Kingdom.
Copyright 9 1987, The Clay Minerals Society et al., 1979a, 1979b) , respectively. For the first time, actual rates of diffusion within the boundaries of the host structure have been determined due to the time scale of these techniques. In light of the recent advances in the study of clays as catalysts and the interest shown by industry, directly measured sorption kinetics are of considerable technical importance because they determine rates in practical applications. The considerable body of data assembled on the diffusion of organic molecules in the intrinsically similar, but structurally different, zeolite framework has shown that the rate of sorption is influenced by many varied factors (Barrer, 1978; Ruthven, 1984) , including (1) size, charge, and concentration of cations, (2) geometry and dimensions of the channel network, and (3) size, shape, and flexibility of the diffusing molecule. Moreover, the counter diffusion of reactant and product molecules can seriously affect the apparent activity and selectivity for a particular reaction due to the intermolecular interactions between the counter-diffusing molecules (Moore and Katzer, 1972) . Furthermore, discrepancies between the diffusion coetficients derived from sorption kinetic data and those from NMR studies have shown that factors such as sample size, particle size, and the magnitude of the temperature rise due to exothermic adsorption also need to be considered (Eagan et al., 1971; Doelle and Riekert, 1979; Ilavsky et al., 1980) .
To the authors' knowledge no studies concerning the diffusion of alcohols in trivalent cation-exchanged clay systems have been published, and not since the pioneering work of Barrer and Macleod (1954) has information concerning the rate of mass uptake on inorganic cation-exchanged clays emerged. This scarcity of information regarding the factors influencing the diffusion of organic species in montmorillonites has prompted the present investigation into the effect of sample size, particle size, molecular size and shape, type of exchange cation, and temperature on the rate of sorption of three alcohols (methanol, MeOH; propan-2-ol, i-PrOH; 2-methyl-2-propan-2-ol, t-BuOH) onto trivalent cation-exchanged montmorillonite.
THEORETICAL BACKGROUND
A model is presented below for a gas diffusing isothermally at constant pressure into a cylindrical clay pellet through its curved lateral surface, in the absence of chemical reactions. The flat circular faces of the cylinder are assumed to be impermeable and the gas is assumed to be initially absent from the pellet. Subsequently the cylinder is exposed to an atmosphere with a uniform concentration of the gas, the surface concentration exponentially approaching the value of this ambient concentration.
In this analysis, c(r, 0, z, t) denotes the concentration of the gas at time t at the point with cylindrical polar co-ordinates (r, 0, z). The pellet occupies the fixed rightcircular cylinder 0 < r -< a, 0 -< 0 -< 27r, -I < z -< /. The diffusion of the gas is assumed to be Fickian, and the diffusivity D of the gas is assumed to be independent of concentration. The concentration then satisfies the diffusion equation,
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Initially the concentration satisfies, c(r, 0, z, 0) = 0.
On the flat impermeable circular faces,
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The concentration on the lateral surface is g~ven by c(a, 0, z, t) = c~(1 -e-~$.
(4)
Here, fl > 0 is expected to be large, so that the concentration on the curved surface rapidly approaches C~.
The solution of Eqs. (1)- (4) is given in chapter 5.3 of Crank (1956) . Note that a misprint exists in Crank's Eq. (5.28). It is fairly straightforward to show that 
where Moo = 2hraZc~ is the limiting value of the mass of gas adsorbed by the clay particle. As in Eq. (5), it is required in Eq. (6) that/3 ~ Da 2, Da~ ..... From kinetic adsorption data for M~/Mo~, which were obtained using a gravimetric method, the constants D and/3 can be determined using Eq. (6). Note that M0 = 0. In practice, the series in Eq. (6) must be truncated in order to be evaluated numerically; this truncated solution will be inaccurate for small times. Because data for M,/Mo~ were not obtained at such times, the truncated solution was satisfactory. An approximation that is accurate for small times can be found using the techniques reported by Carslaw and Jaeger (1959) .
If the diffusion coefficient D(c) varies with concentration, the value 17) found using Eq. (6) represents a mean value, termed the integral diffusion coefficient. Crank (1956) gave in chapter 11.6 the relation
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The ambient temperature, T, is a parameter in the isothermal experiments that has thus far been suppressed. Diffusion in porous crystals is normally assumed to obey the Arrhenius equation D = D0exp(-AE/ RT). Consequently, ifD is determined over a range of temperatures, the activation energy AE and 15 can be calculated.
EXPERIMENTAL
The parent clay used in this study was a Wyoming montmorillonite supplied by Volclay Ltd., Wallasey, Cheshire. The nominally < 2-~tm fraction was collected as an aqueous suspension to which was added sufficient of the requisite chloride salt to produce a 0.3-M solution. After a 24-hr exchange period, the clay was washed until free of excess salt. Chemical analysis (Bennet and Reed, 197I) of the Na+-exchanged montmorillonite produced results consistent with a layer formula of (Si39A10.t)(Al~.33Fe088Mgo.59)O~o(OH)2 and a cation-exchange capacity (Adams et al., 1977) of 68 meq/100 g of clay. Following the cation-exchange procedure the centrifugate was dried at 120~ and then allowed to rehydrate to room temperature and humidity before being ground to a powder and stored. Prior to use in the sorption-kinetics studies the powdered clay was passed through various sieves (supplied and certified by Retsch, Haan, Federal Republic of Germany) and size fractions of <45, 45-63, 63-125, 125-250 , and >250 um were collected.
The thermobalance used for the isothermal and dynamic thermogravimetric studies was a Stanton Redcroft TG750 instrument. The temperature of the furnace in the range 180-240~ was calibrated using the melting points ofdiphenyltindichloride (42~176 2,2'-bipyridyl (70*--73~ triphenyltinchloride (104 ~ 105~ 4-aminobenzoic acid ( 1870-189~ 3,5-dinitrobenzoic acid (205"--207~ and dimelhylglyoxime (237~ I~ all of which had been recrystallized to the constant melting points shown. The flow rate of nitrogen carrier gas (dried by passage through synthetic zeolite 4A and P205) through the fumace was calibrated using an external bubble flow meter. Dynamic thermograms were obtained using a heating rate of 20~ and a flow rate for pure nitrogen carrier gas of 25 cm3/min.
In the isothermal sorption-kinetics studies alcohol vapor was introduced into the dry nitrogen stream by passing the nitrogen through a bubbler chamber containing the alcohol. This alcohol-saturated nitrogen stream was directed over the sample suspended in the furnace and then passed out of the system via the external bubble meter. Preliminary experiments showed that the limiting flow-rate for the nitrogen carrier gas depended on sample size, but in general flow rates >200 cmVmin did not increase the rate of sorption of any of the three alcohols.
The procedure followed in a typical experimental run was as follows: A sample of clay was placed in the sample bucket and preheated to 120~ at 3~ in a flow of dry nitrogen of 100 cm3/min. The temperature of the sample was maintained at 120~ for 15 min or until no further weight change occurred. The sample was then allowed to cool to a known temperature (18 ~ 43 ~ 72 ~ or 105~ and by the turn of a tap the dry nitrogen gas was directed through the alcohol reservoir.
This time was taken as zero for the mass-uptake experiment.
Between runs (particularly when a change of alcohol was necessary) the thermobalance was purged with dry nitrogen at a flow rate in excess of 1000 cm3/min. At the same time the furnace was heated to 250~ over a period of 30 min and then allowed to cool. After the furnace was cool, a clay sample was added to the sample pan and, if no deviation from the baseline occurred within 10 rain, further purging was considered unnecessary.
Quantification of the temperature rise associated with the sorption of the alcohols on the trivalent cationexchanged clays at room temperature was achieved using an experimental arrangement similar to that of Eagan et al. (1971) . A microforce balance of identical dimensions to that incorporated in the thermobalance was attached to the vapor-dosing system described above. A sample pan was supported on a hollow glass rod through which was passed a chromel-alumel thermocouple. The tip of the thermocouple passed through a hole in the sample pan and into the bulk of the clay sample. This arrangement required a 5-mg sample to cover the thermocouple tip. The reference junction was maintained in ice, and the thermocouple output was sent to a recorder. The clay sample was pretreated as above prior to exposure to a >200-cm3/min flow of alcohol-saturated carrier gas.
X-ray powder diffraction traces were recorded using a Jeo! JDS-8X diffractometer operating at 40 kV and 20 mA. Particle-size analyses were carried out using a Cilas Granulometer 715 equipped with a 1.5-mW helium/neon laser operating at a wavelength of 632.8 nm. A sample, 0.1 g of <45-#m clay, was dispersed in water and treated ultrasonically for 2 min prior to the analysis.
RESULTS
The particle-size analyses for the different cationexchanged forms of montmorillonite used in this study (Figure 1) show that the <45-#m grains are aggregates of particles of various sizes. The median particle size, contained in these aggregates, increased in the order Na + < Fe 3+ < Cr 3+ < A13+, as shown in Table 1. This  table also contains the values for the amount of water lost by pretreatment at 120~ expressed as a percentage of the total amount of water lost by the various cationexchanged clays on heating to 500~ which is'just lower than the dehydroxylation temperature. Table 1 also lists the basal spacings of the clays pretreated to 120~ (after cooling in a desiccator) and following exposure of a similarly cooled, preheated clay to the alcohol vapor for 16 hr.
Sorption kinetics
Sorption kinetics data are usually presented as plots of (Q~ -Qo)/Q~ -Q0) vs. time, t, where Qt, Qo, and Q~ are the amounts of vapor sorbed at time t, when t = 0, and at equilibrium (t = oo), respectively. In the experiments presented here, Qo was invariably zero, and because a gravimetric method was utilized the data are presented as plots of M,/Moo vs. time, where M~ is the mass adsorbed at time t and Moo that adsorbed at equilibrium. Figure 2 shows the effect of thermal pretreatment from 120~ to 300~ on the rate ofsorption ofi-PrOH on Cr 3+-exchanged montmorillonite at 18~ and is representative of the behavior of the AP § and Fe3+-forms. This shows that increasing the pretreatment temperature reduced the rate of sorption of i-PrOH, as it did for MeOH and t-BuOH. Consequently, a pretreatment temperature of 120~ was utilized throughout the remaining experiments because (1) this temperature had the least effect on the sorption rate and (2) in this state the clays were not fully dehydrated (cf. Table 2 ), thereby mimicing the situation in the clays used as acid catalysts, in which the Br6nsted acidity results from the polarization of the small amount of water remaining in the cation coordination sphere (Thomas, 1982) . The effect that reducing the grain size had on the rate of sorption of i-PrOH on Cr3+-montmorillonite ( Figure 3 ) is much more dramatic than the effect of thermal pretreatment. Moreover, the filled circles show that reducing the sample size from 5 mg (x) to 2 mg (O), at the optimum grain size of <45 pm utilized in this study, further reduced the rate of sorption. Therefore, the sorption of the alcohols was studied on 2-mg portions of <45-t~m grain-size clay samples pretreated at 120~ Figure 4a shows the cation dependence of the MeOH sorption rate, which increased as Fe < Cr < AI. The same sequence was followed by i-PrOH and t-BuOH. The solid lines in the figures are the theoretical curves generated by the isothermal 2-D diffusion model described above. The values for the diffusion coefficients obtained from this model, assuming a particle size of 1 #m, are listed in Table 2 . Figure 4b presents the ' Expressed as particle size at a cumulative volume of 50%. z Expressed as a percentage of the total amount of water lost by heating to 500"C.
3 120~ pretreated clay cooled in a desiccator prior to analysis.
4 As for footnote 3, then exposed to alcohol vapor for 16 hr.
generally observed rate of alcohol uptake which decreased as MeOH > i-PrOH > t-BuOH. The open symbols in Figure 4a utilize the uptake of MeOH on A13+-montmorillonite to illustrate that varying the temperature had little effect on the rate of sorption of the alcohols. Figure 5 shows that even when careful experimentation on a favorable system permitted differentiation of the sorption rates, the derived activation energy was extremely low (~ 4 kJ/mole), as shown in the insert in Figure 5 .
The temperature rise associated with the sorption of MeOH and i-PrOH on A13+-montmorillonite was very low, ~ 1 ~ and 2~ respectively, as was expected for a 5-mg sample over which a large volume of gas was swept.
DISCUSSION
The basal spacings in Table 1 show that following thermal pretreatment at 120~ the AP +-and Cr 3+-exchanged forms were still expanded at 12.5 A, indicating that some water remained following treatment at this temperature. In contrast, the Fe 3+-exchange form had essentially collapsed at this temperature. Despite this dissimilarity, all the cation-exchange forms attained similar equilibrium alcohol loadings during the sorption-kinetics studies, indicating that the Fe 3 § is easily re-expanded. This propensity for re-expansion was confirmed by the basal spacing of the alcoholsaturated forms. Studies of the acidity of these three trivalent cation-exchanged clays (Breen et al., 1987) have shown that the number of Brbnsted acid sites increased following thermal pretreatment at 120~ no direct evidence was found, however, for the formation of oligomeric AP +-, Cr 3+-, or Fe3+-species. This possibility, however, cannot be disregarded, inasmuch as Tennakoon et al. (1983) postulated the dimerization and subsequent release of a proton upon heating an A13+-montmorillonite to temperatures as low as 50~ Moreover, J. Helsen (Katholicke Universiteit Leuven, B-3030 Leuven (Heverlee), Belgium, personal communication, 1985) , from M6ssbauer studies on Fe 3+-montmorillonite, showed that upon drying the iron precipitated as an oxy-or oxyhydroxy form between the sheets. On further heating, the iron diffused to the edge of the platelets, and the clay collapsed. Consequently, the Fe3+-form reported here may in fact be a H+-montmorillonite having an iron oxy-or oxyhydroxy coating, whereas the A13+-and Cr 3 § may be partially H § The significance of this information is discussed below.
Recent studies of the sorption of organic molecules on zeolites have shown that the rate of sorption at the surface of a porous solid is usually so high that the overall rate of sorption is controlled by mass or heat transfer, rather than by intraparticle diffusion kinetics (Ruthven, 1984) . Consequently, the dominance of intracrystalline diffusion should be confirmed by varying both the sample size and grain or particle size. The initial portion of the uptake curve is sensitive to any resistance to diffusion in the sample bed (bed or macropore diffusion), whereas the long-time region is sensitive to the effects of finite heat-transfer resistance and crystal size distribution. Eagan et al. ( 1971) established that the dissipation of the exothermic heat of adsorption from the external surface of the adsorbent sample, rather than conduction of heat through the sample, is the rate-limiting, heat-transfer process in a batch sorption experiment. Figure 3 illustrates two vital points concerning the sorption of alcohols on trivalent cation-exchanged montmorillonite. First, the rate of sorption increased with decreasing sample size, thus indicating resistance to diffusion in the bed. Second, the rate of sorption depended strongly on the size of the grains which constituted the sample bed. Grains > 63 ~m were granular in appearance and packed easily in the sample pan, whereas grains <63 #m were more powdery and increased the physical size of a given sample weight. Despite this detrimental effect on sample size, however, the rate of sorption increased with decreasing grain size, suggesting that there was resistance to mass transfer in the macropores between the various size particles (Figure 1 ) which formed the grain. This observation removes the earlier concern regarding the form of the interlayer cations, because these cations contribute little to the rate-limiting process; however, it makes the source of the observed cation dependence of the alcohol sorption rate (Figure 4a ) difficult to identify, although the rate parallels the observed sequence for the median size of the particles which constitute the grains (Table 1) . Therefore, the measured rate probably reflects the tortuosity of the channel network within the grains. Figure 4b illustrates that the sorption rate of the alcohols generally decreased as MeOH >-i-PrOH > t-BuOH, which could be attributed to steric effects if the rate-determining process was interlamellar transport. Because bed diffusion appeared to be rate-controlling, this sequence conforms to the required 1/~ dependence required if Knudsen diffusion was the major contributor to the mass transfer resistance. Figure 5 shows that even if a temperature variation of the sorption rate was discernible the associated activation energy was very small (~4 kJ/mole). For such a small potential barrier the uptake should have been almost spontaneous, but in all the experimental configurations studied several minutes was required to reach equilibrium. The intercrystalline macropore diffusion resistance described above may well provide the reason for this observation; however, another possible explanation lies in the finite time required to dissipate the exothermic enthalpy of intercalation of the alcohol molecules. If the dissipation time were wholly, or partly, rate limiting, it would affect the rate curve in two distinct ways. The initial uptake rate would be increased due to the temperature dependence of the diffusivity, whereas in the later stages the sorption rate would be retarded due to the temperature dependence of the equilibrium position (Lee and Ruthven, 1979) . Experiments conducted to quantify the temperature rise associated with the sorption ofi-PrOH and MeOH on Ala+-montmorillonite, however, yielded values of 10 and 2~ respectively. These temperature increments are negligible compared with the values of 50~ for propane on synthetic 5A zeolite at -780C (Eagan et al., 1971) and 15~ for butane on synthetic NaX zeolite at 250C (Doelle and Riekert, 1979) , and, thus, confirm the overall isothermal nature of the uptake process. The magnitude of the temperature rise, however, may reflect the fact that the heat of sorption of an alcohol molecule may, in part, be utilized to desorb a water molecule. If this were the case then the observed weight change may only be an incremental change equal to (massRoH -massH2o).
